ABSTRACT Resistance to the insecticides deltamethrin and malathion and the enzymes associated with metabolic resistance mechanisms were determined in four Þeld populations of Aedes aegypti (L.) from western Venezuela during 2008 and 2010 using the bottle assay and the microplate biochemical techniques. For deltamethrin, mortality rates after 1 h exposure and after a 24-h recovery period were determined to calculate the 50% knock-downconcentration (KC 50 ) and the lethal concentration (LC 50 ) , respectively. For malathion, mortality was recorded at 24 h to determine the LC 50. For deltamethrin, resistance ratios of knock-down resistance and postrecovery were determined by calculating the RRKC 50 and RRLC 50 , comparing the KC 50 and LC 50 values of the Þeld populations and those of the susceptible New Orleans strain. Knock-down resistance to deltamethrin was moderate in the majority of the populations in 2008 (RRKC 50 values were between 5-and 10-fold), and only one population showed high resistance in 2010 (RRKC 50 Ͼ10-fold). Moderate and high postrecovery resistance to deltamethrin was observed in the majority of the populations for 2008 and 2010, respectively. There was signiÞcantly increased expression of glutathione-S-tranferases and mixedfunction oxidases. All populations showed low resistance to malathion in
The control of Aedes aegypti (L.), the principal vector of classic and hemorrhagic dengue in Venezuela and other countries of the world, has been the only option for the prevention and reduction of the transmission of the disease. The reduction of breeding areas and environmental sanitation programs, with the participation of the community, are strategies that have been implemented in recent years, but alone are not sufÞ-cient for the control of Ae. aegypti. The use of chemical insecticides inside and around homes continues to be the principal tool. Since 1970, in Venezuela and other countries in Latin America, the organophosphates temephos and malathion have been used in control programs against Ae. aegypti (Georghiou et al. 1987 , Gratz, 1991 , but they have had only temporary success owing to the lack of regularity and sustainability in the majority of cases. Additionally, the massive and extensive use of insecticides in public health as well as agriculture has exerted selective pressure, resulting in the development of resistance to different insecticides in Ae. aegypti and other culicids (WHO 1986 ). Resistance speciÞcally to malathion was recorded during the 1980s among the principal vector species of the genera Anopheles (Hemingway and Ranson 2000) , Culex (Hemingway and Karunaratne 1998) , and Aedes (Georghiou et al. 1987 , Rawlins 1998 . Therefore, in the 1990s, pyrethroids were incorporated, to which species of these three genera rapidly developed resistance (Hemingway and Ranson 2000) . Resistance to insecticides can be due mainly to an increase in metabolic activity and/or alterations in the target site. Three families of enzymes are mainly involved in metabolic resistance: carboxylesterases, cytochrome p450 monooxygenases, and glutathione-S-transferases (GST). Gene upregulation or ampliÞcation can be induced or selected in organisms by exposure to insecticides (Hemingway and Ranson 2000) . These enzymes catalyze a large range of detoxiÞcation reactions, constituting the Þrst line of enzymatic defense against xenobiotics. They are responsible for removing many metabolic waste products, play essential roles in biosynthetic pathways, and are involved in chemical communication (Scott 1995) . In particular, esterases are associated with resistance to organophosphates, carbamates, and to lesser extent pyrethroids. The monooxygenases are involved in the metabolism of pyrethroids and in the activation or detoxiÞcation of organophosphates and to lesser degree methyl-carbamates. Glutathione-S-tranferases play a principal role in the metabolism of DDT to less toxic products and a secondary role in resistance to organophosphates (Hemingway and Ranson 2000) .
There are reports of intensiÞed activity of the esterases and monooxygenases in resistant populations of Anopheles gambiae Giles, Anopheles stephensi Liston, Anopheles subpictus Grassi, Anopheles albimanus Wiedemann, Culex quinquefasciatus Say, and Aedes aegypti (L.) , Vulule et al. 1999 , Rodriguez et al. 2001 , Flores et al. 2005 ) caused mainly by gene ampliÞcation, over-regulated transcription, or altered gene expression. GSTs have been reported to be overexpressed in Ae. aegypti and An. gambiae resistant to DDT (Lumjuan et al. 2005) .
In Venezuela, studies on the monitoring of resistance to insecticides have revealed that Ae. aegypti has developed resistance to different insecticides. In 1958, Quaterman and Schoof (1958) reported resistance to DDT, and later Mouchet (1967) reported resistance to dieldrin/BHC, and Georghiou et al. (1987) documented resistance to organophosphates and carbamates. Mazzarri and Georghiou (1995) and Perez and Molina (2001) detected resistance to organophosphates, carbamates, and pyrethroids in the states of Aragua and Falcon, even though control programs were only recently implemented. Overexpressed levels of esterases determined by biochemical and synergistic assays have been reported in Ae. aegypti of various states in Venezuela, where this enzyme mechanism is responsible for resistance to temephos, chlorpyrifos, and methyl pirimiphos (Mazzarri and Georghiou 1995, Bisset et al. 2001) . Additionally, Saavedra et al. (2007) reported the presence of the mutation Ile 1,016 associated with kdr pyrethroid resistance in populations of nine states in Venezuela, revealing the necessity of monitoring other populations in the country where reemergence of dengue has been observed. The aim of the current study was to evaluate susceptibility to malathion and deltamethrin in populations of Ae. aegypti in western Venezuela in two periods, 2008 and 2010, as well as the role of detoxiÞcation enzymes as a mechanism of resistance.
Materials and Methods
Mosquitoes. Immature stages of Ae. aegypti were collected during 2008 and 2010 in four localities in western VenezuelaÑPAMPANITO (PTO) at 9Њ 24Ј42Љ S, 70Њ 29Ј39Љ W, TRES ESQUINAS (TE) situated at 9Њ 25Ј48Љ S, 70Њ 26Ј51Љ W in the state of Trujillo, LARA in the state of Lara at 10Њ 03Ј51Љ S, 69Њ 29Ј20Љ W, and UREÑ A in the state of Tachira at 7Њ 54Ј57Љ S, 64Њ 24Ј20Љ W (Fig. 1) .
The larvae were collected from natural breeding sites and transported to the Insectary Pablo Anduze of the Instituto Experimental J. W. Torrealba, Universidad de los Andes, Venezuela. Colonies were maintained at 25 Ϯ 4ЊC and a photoperiod of 12:12 (L:D) h. The females reared from these larvae were fed on chickens (Gallus gallus domesticus Brisson) for the production of eggs to obtain the parental generations, which were transported to the UANL, Facultad de Ciencias Bioló gicas, N.L. Mexico.
The eggs were placed in plastic containers with dechlorinated water along with a 50% aqueous solution of powdered liver protein as food source for the subsequent larval stage. Pupae were placed in 250-ml ßasks in cages (30 by 30 cm) until the adults emerged. The male mosquitoes were fed a 10% sugar solution, and the females were fed on rats (Rattus norvegicus (Berkenhout)) for the production of eggs, for which ßasks with water, lined inside with Þlter paper, were provided. These eggs corresponded to the F1 and F2 generations, which were used in the majority of the bioassays. All populations of Ae. aegypti were kept at a temperature of 25 Ϯ 2ЊC and relative humidity of 70% Ϯ2.
Females of the F 1 generation, 1Ð3 d after emergence and without blood feeding, were used for the bioassays and biochemical tests. The New Orleans (NO) strain maintained for several years in the laboratory was used as the susceptible reference strain in all situations.
Bioassays. The insecticides evaluated were malathion (98.4% purity) and deltamethrin (99.5%) (ChemService, West Chester, PA), which were resuspended in 1 ml of acetone to prepare stock solutions with Þnal concentrations of 500 and 100 g/ml, respectively. Different dilutions were then prepared to obtain concentrations that caused between 2 and 98% mortality. The bioassays were carried out according to the bottle method proposed by the Centers for Disease Control and Prevention (CDC 2002) in Atlanta, GA (Brogdon and McAllister 1998) , in which 15Ð20 females were used per bottle. For deltamethrin, the exposure time was 1 h during which observations were made every 10 min to record the number of insects killed and to determine the knock-down effect. Later, the insects were transferred to insecticide-free ßasks, and mortality was recorded at 24 h. For the organophosphate malathion, the insects were exposed for 2 h and then transferred to insecticide-free ßasks; afterwards, the number of recovered mosquitoes was recorded at 1, 2, and 4 h, and the number of dead insects was recorded at 24 h.
Each bioassay consisted of bottles containing Þve or six concentrations with four replicates for each insecticide and the control was treated only with acetone. This method was used with all Þeld populations and with the NO reference population. The results obtained were submitted to log-probit regression analysis (Finney 1971 ) using the Probit program (Raymond 1985) to determine the 50% knock-down dose (KC 50 ) and 50% lethal concentration (LC 50 ) for deltamethrin and LC 50 for malathion. The conÞdence intervals were calculated using ␣ ϭ 0.05, and the signiÞcant difference between the values was determined based on nonoverlapping conÞdence intervals. The mortalities were corrected according to the formula of Abbott (1925) when mortality was observed in the control group. The resistance ratios (RR) were calculated by dividing the LC 50 of each population by the LC 50 of the NO reference strain, as well as by dividing the KC 50 obtained for deltamethrin by the KC 50 of the NO strain.
Enzymes. Batches of 100 females of each Þeld population and of the reference were exposed to bottles impregnated with the respective LC 50 values of deltamethrin for a time period that caused 50% mortality. The dead and survivors were then separated and stored individually at Ϫ70ЊC. The same procedure was carried out with malathion using the LC 99 determined in the NO strain. Each mosquito was homogenized in 100 l of 0.01 M potassium phosphate buffer, pH 7.2, and suspended in up to 2 ml of the same buffer. Aliquots of 100 l were transferred to wells of microtiter plates. Thirty surviving specimens and 30 dead per population were analyzed in triplicate per plate. ␣-and ␤-Esterases, mixed-function oxidases (MFO), GST, and insensitive acetylcholinesterase (iAChE) were quantiÞed according to Brogdon (1989) and CDC (2002) using the NO strain as reference. Absorbance was measured with an UVM-340 Microplate reader (ASYS Hitech GmbH, Eugendorf, Austria) and averaged. Protein concentration was determined according to Brogdon (1984) , in case there was some variation in the size of mosquitoes and appropriate dilution of the homogenate was needed.
The data for each biochemical assay were evaluated by analysis of variance (ANOVA) and TukeyÕs test was used at a level of signiÞcance of P Ͻ 0.05 to compare means between surviving and dead females in the populations studied with respect to the reference strain. The resistance threshold corresponding to the maximal enzyme activity in the surviving females of the NO strain was compared with the survivors of the four populations studied. We calculated the percentage of individuals exceeding the resistance threshold (CDC 2002) and classiÞed the enzyme mechanisms as nonaltered (NA), incipiently altered (IA), or altered (A), if Ͻ15%, 15Ð50%, or Ͼ50% of the specimens exceeded the threshold, respectively (Montella et al. 2007 ). Additionally, the LC 50 values and mean enzyme levels of the surviving females exposed to deltamethrin were submitted to linear regression analysis. Correlation (r) was performed to determine the degree of association between the two variables. Finally, two criteria were considered to determine whether an enzyme mechanism was involved in the resistance observed for malathion and deltamethrin: 1) Ͼ50% of surviving specimens of the population studied exceeded the resistance threshold; 2) the mean enzyme activity level was signiÞcantly higher in the surviving specimens than in the dead ones and in turn higher than those of the NO strain. A third criterion was considered for deltamethrin: a highly signiÞcant correlation between the LC 50 values of deltamethrin and enzyme levels. Compared with the NO strain, the Pampanito, Tres Esquinas, and Lara populations showed moderate resistance to the pyrethroid with RRLC 50 of 6.6-, 9.0-, and 9.0-fold, respectively, while the Ureñ a population showed low resistance (3.9-fold). For 2010, the LC 50 values increased (P Ͻ 0.05) in all populations, showing moderate resistance to deltamethrin for the Pampanito population (9.3-fold) and high resistance (RR LC 50 Ͼ10-fold) for the Tres Esquinas, Lara, and Ureñ a populations. The KC 50 values for the populations of Pampanito, Tres Esquinas, and Ureñ a in 2008were higher than the LC 50 values, owing to the low recovery percentages after 1 h exposure (0, 0.56, and 0%, respectively), indicating a greater effectiveness of deltamethrin at 24 h. In contrast for 2010, the LC 50 values were higher than the KC 50 values in the Pampanito, Tres Esquinas, and Lara populations, whose recovery percentages were 9.72, 12.8, and 9.34%, respectively, necessitating a greater amount of deltamethrin to kill the knocked down insects; in the Ureñ a population, no difference was found between the two values.
Results

Bioassays.
For the insecticide malathion, the LC 50 values varied between 1.18 and 3.49 g/bottle in 2008 and between 2.31 and 3.07 g/bottle in 2010, indicating an increase in the Tres Esquinas population and decrease in Lara for the year 2010. In evaluating the RRLC 50 values, we found that all populations studied showed low resistance to the organophosphate in both study periods, with values of RRLC 50 less than Þvefold.
Enzymes. Of the four enzyme systems evaluated after exposure of the populations to deltamethrin during 2008, we found overexpressed levels of GST in surviving females of the Lara population, with 86.7% of these exceeding the resistance threshold, thus being categorized as an altered enzyme mechanism (A) according to Montella et al. (2007) . For 2010, overexpression of MFO was recorded in the survivors of the Tres Esquinas population, with 23.3% of the specimens exceeding the resistance threshold (incipiently altered mechanism). In the Pampanito and Tres Esquinas populations, levels of GST were overexpressed, with 100% of survivors exceeding the threshold (altered mechanism) (Tables 2; 3). In examining the association between the LC 50 values of deltamethrin and overexpressed enzyme levels for surviving females exposed to LC 50 of deltamethirn, there were no signiÞcant correlation values, thereby not fulÞlling in any of the cases the three criteria proposed to associate an enzyme mechanism with resistance to insecticides (Fig. 2) . Thus, there was no association of the over-expression of MFO or GST with the resistance observed, suggesting the participation of these enzymes in other functions other than in the metabolism of deltamethrin. Table 2 shows the absorbance means for each enzyme in the populations exposed to malathion during 2008 and 2010. ␣-Esterases were overexpressed during 2008 in the Pampanito, Tres Esquinas, and Lara populations, with 100% of the surviving specimens exceeding the resistance threshold, thus being categorized as an altered mechanism. A similar behavior was observed with ␤-esterases in the Pampanito and Lara populations. MFO appeared to be an incipiently altered mechanism in the Ureñ a population (33.3%) and GST as an altered mechanism in the Pampanito population (93.3%). For 2010, we found an altered enzyme mechanism for ␣-esterases in the Tres Esquinas, Lara, and Ureñ a populations with Ͼ80% of surviving specimens exceeding the resistance threshold, and the overexpression of MFO in the Ureñ a population (6.7%) as well (Table 3) .
Discussion
Approximately four decades since their introduction, pyrethroids continue to be one of the principal zarri and Georghiou 1995 , Perez and Molina 2001 , Rodrṍguez et al. 2007 ). In the current study, the evolution of resistance to deltamethrin was demonstrated in the populations evaluated during 2008 and 2010, probably owing to the presence of intrinsic genetic characteristics in the species that favor the expression of resistance genes, as well as the selective pressure exerted by the constant use of chemical insecticides for the control of dengue and agricultural pests. The principal economic activity in Ureñ a is agriculture, and we found that the LC 50 of the Ae. aegypti population increased nine times in 2 yr with a RRLC 50 of 19.6 in 2010. In addition, there are reports of Ae. aegpyti resistant to pyrethroids owing to cross-resistance to DDT (Hemingway et al. 1989 , Brengues et al. 2003 . Both compounds share the same target site, the voltage-gated sodium channel, which could be an additional factor present in our populations owing to the selective pressure exerted with the application of DDT for several decades in Venezuela for the control of malaria and other diseases. Rodrṍguez et al. (2007) associated resistance to deltamethrin in larvae of Ae. aegypti of Venezuela and other Latin American countries with the activity of metabolic enzymes, esterases, and GSTs, as well as cytochrome oxidases (Bergé et al. 1998 ). However, we did not Þnd enzyme mechanisms associated with resistance to deltamethrin, suggesting the presence of a nonenzymatic mechanism, such as point mutations in the gene coding for the voltage-gated sodium channel, which have been previously reported in this species (Brengues et al. 2003 , Saavedra et al. 2007 , Yanola et al. 2011 ). This may be especially important with the Ile1,016 resistance allele in which Saavedra et al. (2007) . This was possible owing to the resistance of Ae. aegypti to deltamethrin. The Þght against dengue in Venezuela involves the fumigation of critical areas to destroy the adult population of Ae. aegypti and in educational campaigns to make the public aware of the problem and to eliminate foci of contaminated water in which this insect deposits its eggs. Thus, the results obtained in this study contribute important information that must be considered in continuing or halting the use of deltamethrin in control programs. OPS (1997) reported that resistance to malathion in Ae. aegypti has spread throughout the Caribbean, Central America, and South America, but there are reports of populations susceptible to organophosphates in Panama, Cuba (Bisset et al. 2003 (Bisset et al. , 2004 , and Vietnam (Houng et al. 2004 ). In the current study, we found low values of organophosphate resistance (RR Ͻ5) in both evaluation periods in agreement with the Þnd-ings of Mazzarri and Georghiou (1997) in populations of Ae. aegypti in the states of Aragua and Falcon, Venezuela, but at odds with Perez and Molina (2009) , who found high resistance to malathion in larvae of Ae. aegypti in the municipalities of Girardot, Mario Briceñ o Iragorri, and Urdaneta in the state of Aragua, Venezuela (RR 50 69.5, 150.6, and 113.5, respectively), with overexpression of esterases and cytochrome P 450 oxidases. This suggests that resistance is focal. The populations evaluated during both periods exhibited overexpression of ␣-and ␤-esterases and cytochrome oxidases whose participation in the metabolism of malathion in these populations was not determined. This is despite reports associating these enzyme mechanisms with resistance to malathion in Ae. aegypti populations in Venezuela and Latin America (Rodrṍguez et al. 2007, Perez and Molina 2009) . Finally, the current study showed that resistance is dynamic in time and space. There is a need to carry out periodic evaluations that include susceptibility bioassays and to determine the mechanisms associated with resistance to insecticides to obtain complete information about the susceptibility of the target population to the insecticide. There is also a need to design strategies for the management of resistance and to identify the opportune moment to rotate insecticides to maintain the susceptibility of the population in question. 
